Traditionally "steel structures" and "concrete structures" formed more or less two different worlds in structural engineering. Fortunately this situation is changing rapidly. It is now recognised that each of the two materials have advantages and disadvantages and that often an optimal solution is found by combining both materials. This may be a combination of steel and concrete in an element as is the case in "Composite steel-concrete construction" or the combined use of concrete elements and steel elements in "Mixed construction". For the design of composite steel-concrete elements specific design standards have been developed. However for "Mixed construction" a combined use of steel design standards and concrete design standards is necessary. It is important that the design rules for the two materials are consistent, especially for those components connecting both materials. However, in the past the design standards and recommendations for concrete and steel have been developed separately. So evidently at this moment there are considerable differences in design assumptions and treatment of various aspects. In the paper design methods for connections between structural steel and concrete will be discussed. The methods will be illustrated for column bases, being the most frequently used type of connection between steel and concrete, though the information can also be used for related types of connections.
INTRODUCTION
In the past for the design of a building the choice was normally between a concrete structure and a steel structure. Looking at recent practice there is an evident tendency that designers also consider the combined use of concrete and steel in the form of composite or mixed structures as a serious alternative. Use of composite elements in the form of composite beams, composite columns and composite slabs is already common practice in many countries. Applications are supported by accepted Standards or Recommendations as for example the European Standard: EN 1994 -Eurocode 4. However, this supporting material is not available for mixed constructions where (reinforced or prestressed) concrete elements and structural steel elements are used in combination. The elements itself are covered by the respective design standards for concrete and steel. But in many cases the joints where the elements meet form a black spot as far as Design Standards and information is concerned. So the designer has to develop design models based on a creative interpretation of methods and rules in use for concrete and steel. It is of course a complication when these design methods for the different materials are not consistent. In the past the Design Standards and Recommendations for concrete and steel have been developed separately. So evidently at this moment there are still considerable differences in design assumptions and treatment of various aspects. Some examples of these differences will be illustrated in this paper.
TYPOLOGY
Many different details exist depending on the type of members to be connected, the actions to be transferred and the performance requirements. An exhaustive treatment of all possible details is not possible in the context of this paper. Just to give an idea two categories are discussed.
Column bases
This is one of the most commonly used details. The steel column is connected to a base plate, which is attached to the concrete foundation by some form of so-called "holding down" assembly. A typical detail is shown in Figure 1 . The system of column, base plate and holding down assembly is known as a column base. The holding down assembly comprises two, but more commonly four (or more) holding down bolts (anchors). These may be cast-in-place, or post-installed to the completed foundation. Cast-in-place bolts sometimes have some form of tubular or conical sleeve, so that the top of the bolts are free to move laterally, to allow the base plate to be accurately located.
Fig. 1 -Typical detail of a column base
Base plates for cast-in assemblies are usually provided with oversized holes and thick washer plates to permit translation of the column base. Anchor plates or similar embedded arrangements can be attached to the embedded end of the anchor assembly to resist pull-out. Post-installed anchors may be used, being positioned accurately in the hardened concrete. Post-installed assemblies include, for instance, torque-controlled expansion anchors, under-cut anchors and bonded anchors.
Connections of steel beams to concrete walls or columns
A stiff concrete core often provides the stability of a multi-storey steel frame. The steel beams of the floors are connected to the wall of the concrete core (see Figure 2a) . To provide sufficient fire resistance sometimes (prefabricated) concrete columns are used instead of steel columns with fire protection. In Figure 2b a connection is shown as used in a refurbishment project where new steel floor beams are connected to existing concrete columns by means of an extended end plate connection. A great number of different forms of connection details are possible for these types of connection.
A treatment of all possible details is not possible in the context of this paper. Therefore the treatment is restricted to column bases. This is one of the most commonly used types of connection. Another reason to focus on column bases is that this type of connection is explicitly covered by the recently completed Eurocodes.
STANDARDS AND RECOMMENDATIONS
As the author is most familiar with the situation in Europe the treatment in this paper will focus on the design methods as covered by European standards and in particular by the Eurocodes. The column base connection is a typical detail where steel and concrete meet. But in addition to steel and concrete there is in effect a third element and that is the connecting element in the form of anchors or fasteners. Each of these three composing elements is covered by Eurocodes. But unfortunately the development of these Eurocodes was not fully coordinated so that inconsistencies still exist in the various design approaches as will be illustrated in this paper. The situation is as follows:
Steel
In EN1993-Eurocode 3 all the design rules for joints have been collected in a separate part of Eurocode 3: EN1993-1-8 [3] . In this part the design of column bases is not treated separately but is integrated in the so-called "component-approach". The advantage is that the rules are fully consistent with the design approach for steel-steel connections. However, this way of presentation makes the rules not easy accessible for users. The rules are based on the results of a project carried out within the framework of the European Project COST C1 (Semi-rigid behavior of civil engineering structural connections) and the Technical Committee 10 of ECCS (European convention for constructional steelwork). For background information refer to a recent special issue of Heron [13] .
Concrete
For concrete aspects reference is made to EN1992-1-1 [3] but this code does not give specific rules in all cases as will be demonstrated later. Furthermore the rules are only applicable if the anchorage has sufficient deformation capacity. This is often not the case for short anchors.
Anchors
Recently CEN issued a series of drafts for an addition to EN1992-Eurocode 2 covering design rules for connections with short anchors [5] - [9] . The content is based on an existing CEBDesign Guide [10] and EOTA (European Organisation for Technical Approvals) Guideline [11] .
COMPARISON OF DESIGN APPROACHES
The design approaches in Eurocode 3 ("steel world") and CEB-Guide/Eurocode2-PT4 ("fastener world") are essentially different. This is illustrated in Figure 3 where the load distribution is shown for a column base subjected to compression and bending. The following comments apply for the "CEB" method: -The stiffness of the base plate required for the assumption of a rigid plate is expressed in a maximum stress criterion and not a deformation criterion. Tests and inspection of demolished structures has shown that the compression always concentrates under stiff parts of the column section (flanges and web). -From the assumption that the plane at the interface of concrete and steel remains plane follows that the distribution of the displacements is linear. This does not necessarily imply that also the strain distribution is linear as is assumed in the design method.
-The calculation is more complicated than for the "Eurocode 3" method.
-Unnecessary thick base plates or even stiffeners are required.
-Serviceability limit state is not covered.
COMPONENT METHOD
The component method consists of the following issues: identification, characterization, assembly, classification and modeling. The identification is the process of decomposing a joint in different components. Figure 4 shows the components of a column base. In the characterization of each component, the relevant mechanical properties are determined: the resistance, the stiffness and the deformation capacity. In the assembly, the mechanical properties of the components are combined in order to determine the resistance, the stiffness and the rotational capacity of the joint. The joints may be classified in terms of the resistance, the deformation capacity or the stiffness. The purpose of the classification is simplification of the joint behavior for the frame analysis, for instance by classifying for stiffness as rigid.
Modeling is required to determine how the (non-linear) mechanical properties of the joint are taken into account in the frame analysis.
base plate in bending column web and flange base plate and concrete anchor bolt in shear and compression and anchor bolts in tension block in copression in shear Fig. 4 -The major components of a column base
BASE PLATE AND CONCRETE BLOCK IN COMPRESSION
The resistance is determined by an equivalent rigid plate concept. In Figure 5 is shown how an equivalent rigid plate is defined to replace a flexible plate in case the base plate connection is loaded by axial force only. This rigid plate follows the footprint of the column. The resistance is now determined by two parameters: the bearing strength of the concrete and the dimensions of the equivalent rigid plate.
Dimensions of the equivalent rigid plate
The flexible base plate, with area A p , is replaced by an equivalent rigid plate with area A eq , see Figure 5 . This rigid plate area A eq is composed of one T-stub under the column web and two Tstubs under the column flanges. The additional bearing width c of the T-stub, see Figure 6 , is determined on the basis of the following assumptions: -No plastic deformations occur in the flange of the T-stub, so that the flange remains relatively flat. Therefore, the resistance per unit length of the T-stub flange is taken as the elastic resistance.
-It is assumed that the T-stub is loaded by a uniform stress distribution. The bending moment per unit length on the base plate acting as a cantilever of span c is:
The equivalent width c can be resolved by combining equations (1) and (2):
Bearing strength of the concrete
The bearing strength of the concrete under the plate is dependent on the size of the concrete block. EN1992-1-8 refers to EN1992-1-1;6.7 "Partially loaded concrete" as follows:
The design bearing strength of the joint f jd should be determined from: f jd = β j F Rdu / (b eff l eff ) (4) where:
β j is the foundation joint material coefficient, based on observations that the grout layer in practice often shows imperfections and/or air bubbles. The value in EN1993-1-8 is 2/3 provided that the characteristic strength of the grout is not less than 0,2 times the characteristic strength of the concrete foundation and the thickness of the grout is not greater than 0,2 times the smallest width of the steel base plate. In cases where the thickness of the grout is more than 50 mm, the characteristic strength of the grout should be at least the same as that of the concrete foundation. F Rdu is the concentrated design resistance force given in EN 1992, where A c0 is to be taken as (b eff l eff ) (see Figure 7) . 
Open questions
-The limit for the characteristic strength of the grout given in EN1993-1-8 is very low. The value is based on tests. Question is whether these tests cover the most unfavourable cases for this aspect. -The high local stresses in the concrete foundation will cause splitting stresses transverse to the direction of loading. Rules for the verification for splitting failure and requirements for transverse reinforcement are missing. -The influence of packing under the steel plate and the influence of a washer under the plate used for erection are not covered.
BASE PLATE IN BENDING AND ANCHOR BOLTS IN TENSION
If the column base is subjected to an axial force plus a relatively large bending moment one side will be in compression and the other side in bending (see Figure 8 ). The behaviour of the tension side is determined by two components: -Base plate in bending ( EN1993-1-8; 
Base plate in bending
In Figure 8 is illustrated that the configuration of the tension side of a base plate is similar to the tension region of an end-plated beam-to column connection. In EN1993-1-8 both are treated as an equivalent T-stub flange. However because of the larger elongation of cast in place anchor rods compared to bolts in beam to column connections it is stated that prying forces should not be taken in consideration. This is a conservative assumption for the verification of the base plate but may lead to an unsafe estimation of the load on the anchors.
Anchor bolts in tension
The traditional way of anchoring is with cast in place long anchors. They are provided with a hook, a washer plate or some other load distrbuting member as for example a grillage beam.
Although not explicitely stated the rules in EN1993-1-8 are derived for this type of anchorage. The design resistance of the anchor bolts is the smaller of: -The design tension resistance of the anchor bolt, reference is made to the rules for bolts.
-The design bond resistance of the concrete on the anchor bolt according to EN 1992-1-1.
Fig.8 -Comparison of tension regions in a column base and a beam-to column connection
The use of hooked anchors is restricted to material with yield strength ≤ 300 N/mm 2 . When the anchor bolts are provided with a washer plate or other load distributing member, no account should be taken of the contribution of bond.
As an alternative to the cast in place long anchors according to the "reinforced concrete technique" also post installed short anchors according to the "fastener technique" are used. These anchors show other governing failure modes as illustrated in Figure 9 . [10] are given in prCEN/TS1992-4 [5] - [9] . In this document also rules are given for the load distribution and the design of the base plate, which are not consistent with EN1993-1-8 (see Figure 3) .
Open questions
-Is it necessary to consider prying forces for the design of the anchors? -Is it possible to extend the application of hooked anchors for yield strength > 300 N/mm 2 ? -Threaded rods are often used as anchor. The bond strength of these anchors is not covered. -EN1992-1-1 does not give explicit rules for the resistance of load distributing devices as washer plates. -More specific rules are needed for the required reinforcement to avoid splitting and blow out if long anchors are placed near edges of the concrete foundation. -Harmonisation of the rules in EN1993-1-8 and EN1992-4 is required. 
SHEAR RESISTANCE
According the CEB Design Guide for base plates with a grout layer thicker than 3 mm plastic design is not allowed, friction forces underneath the base plate should be neglected and the shear capacity has to be calculated for the mechanism "shear load with lever arm". For column bases usually a grout layer with a thickness greater than 3 mm is used. Though it is realised that there may be uncertainties about the strength and quality of the grout layer, the CEB method will be very conservative in many practical cases. This was confirmed by COST/WG2 [13] that compared design values with test results for column bases loaded in shear and with a varying thickness of the grout layer. In particular in case of low strength bolts and a thick grout layer (60 mm) the experimentally obtained maximum shear load was many times (between 10 and 25 !!) greater than the calculated characteristic shear strength of the connection. According EN1993-1-8;6.2.8.1 one of the following methods may be used to resist shear force: -Friction The design friction resistance F f,Rd is to be derived as follows: The design method in EN1993-1-8 is based on the results of a research project, carried out at TU-Delft [12] . Due to the horizontal displacement, not only shear and bending in the bolts will occur, but also the tensile force in the bolts will be increased due to second order effects. The horizontal component of the increasing tensile force gives an extra contribution to the shear resistance. The increasing vertical component gives an extra contribution to the transfer of load by friction. 
Open questions
-In EN1993-1-8 is given that the design shear resistance may be based on the summation:
However summation seems to be in contradiction with 6.2.2(5) and 6.2.8.1(5) -The shear resistance by friction is based on the normal compressive force in the column N c,Ed (see formula 6) . However it is expected that the normal force caused by bending will also contribute to the friction resistance. -The rules in EN1993-1-8 are based on tests on column bases with cast-in-place long anchors. The applicability to short anchors should be investigated. -The implications of use of oversized or slotted holes should be defined. -More specific rules are needed for the required reinforcement in case of anchors placed near edges of the concrete foundation.
STIFFNESS OF COLUMN BASES
Fitting within the design concept of EN1993-1-8 also design rules are provided to determine the rotational stiffness of column bases. This is covered in EN1993-1-8;6.3.4 and the stiffness coefficients are included in table 6.11. The restricted space in this paper does not allow discussing this in detail. In EN1993;5.2.2.5(2) also the classification boundary for rigid column bases is given. Verification plate cross-section II-II (1) Reference to 6.2.6.5 (2) Prying force to be neglected. Table 6 
WORKED EXAMPLE FOR COLUMN BASE IN COMPRESSION, BENDING AND SHEAR

